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SUMMARY

The work described in this report is a continuation of previous
work done at the Massachusetts Institute of Technology on the ignition
of»fuel—air mixtures by means of rapid adiabatic compression.

The purpose of the present investigation was, essentially, to
study the effect of tetraethyl lead, a knock inhibitor, on isooctane.

Before meking the subject tests, 1t was supposed that the effect
of adding tetraethyl lead would be to change the length of the delay
period, at a glven fuel-eir ratio and compression ratio. These tests
showed for compression ratios between 8.0 and 1L4.9 that verying the
concentration of tetraethyl lead in isooctane has a very small effect on
the delay at fuel-eir ratios between 0.0Q60 and 0.090, whereas, at very:
rich (0.130 to 0.170) or very lean (0.030 to 0.050) fuel-air ratios,
lead appears to have some effect on the ignition delay; the extent of
this effect could not be exactly determined because of the difficulty
in reproducing results at these extreme fuel-eir ratios. The chief
difference In the pressure—time curve caused by variation In tetraethyl—
lead concentration is to change the "critical explosion pressure,”
which 1s defined as the pressure at which a very sudden increase in the
rate of pressure rise occurs. The critical explosion pressure, so
defined, shows consistent.differences which are a function of tetraethyl—
lead concentration.

The effect descrlibed would appear to indicate that the detonation~
Inhibiting effect of tetraethyl lead, when used in engine fuels, is due
to the fact that it tends to reduce the amount of end gas which reacts
with extreme rapldity. ,
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A brief study of the effect of ethyl nitrite, & knock inducer, on
triptane was also made. This study showed that, at the chemically
correct fuel-air ratio, Increasing the cancentration of ethyl nitrite
in triptane decreases both the delay and the critical explosion pressure.

A1l tests were carried out in a modified versian of the original
M.I.T. repid compression machine. Detalls of the new machine are
presented.

INERODUCTION -

This proJect is a conbtinuation of work in the fleld of detonation
research conducted at the Massachusetts Imnstitute of Technology under
the auspices of and with the finemclal support of the Netlomal Advisory
Committee for Aeronsutics. Previous work at M.I.T. In this fleld is
covered by references 1 to L.

. The general obJective of the work was to study the autoignition of
fuel-air mixbures wnder condltlions of rapid compression. The particular
obJective of the work was to apply the information thus gained to the
study of detonation in spark—ignition engines. Since 1t 1s believed
that detonation in an engine is caused by the rapld compression of the
end gas with subsequent auntolgnition, a study of the pressure—time
histories of fuel—eir mixtures obtalned with the rapid compression
machine should yield veluable informatlion regarding the nature of the
reactions in the end gas preceding detcnation.

The previous work reveeled that the general nature of the pressure—
time curve was samewhat different for triptane, and very different for
benzene, as'compared with the nature of the curves for lsooctane and
100—octane gasoline. A point of similarity between all four fusls,
however, was that the principal effect of varying the fuel—air ratlo
or compression ratio was to change the delay, that is, the time between
completion of the compression stroke and the start of a rapld pressufe
rise. ‘

Also, the work done to date points to the practicabllity of using
the machine as a tool for determining the probable detonation tendemciles
of a given fuel under proposed engine conditions. In order to achleve
this purpose, a cansiderable amount of exploratory work omn various fuels
and test conditions must be carried out and a correlation established
between these results and actual englne tests.
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It is too early to say what degree of generality may be expected
in these correlations, but the present evidence is to the effect that
such general correlations do exlist.

APPARATUS

The M.I.T. rapid compression machine has been modified to incor—
porate certain refinements as suggested by experlence. The original
machine i1s completely described in reference 2.and will be referred to
hereafter as rapld compression machine 1. A cross—sectlonal view of the
original machine 1s shown 1In figure 1. It will be noticed that in this
apparatus the cambusticn cylinder (4) is located inside the main cylin—
der (2), and that the driving piston (5) and the combustion piston (9)
form a single unit.

This arrangement had several dlsadvantages, principal among which
was the difficulty of alining the combustion and main cylinders with
the high degree of accuracy necessery to achieve gastightness in the
unlubricated combustion cylinder.

In the new machine (fig. 2) this difficulty was avoided by locating
the combustion cylinder outside the main cylinder. It will also be
noticed that a much larger area 1s provided on the piston skirt for

sealing purposes, In the original apperatus 1t was not possible to teke

advantage of the entire area of the combustlion—piston skirt for this
purpose.

It was hoped that these changes would reduce the combustion—chamber
leskage to Inconsequentlal proportions, and that the reproduclibility of
the apparatus would be substantially improved. In these respects, the
results of the changes have exceeded expectatiomns.

The basic principle of operation of the old machine has been main-—
tained in the new cne. In use, a charge of nltrogen at about 500 pounds
per square inch is admitted to the u upper cylinder (1) (fig. 2) and con—
fined therein by the poppet valve (2) uwmtil ready for release., This
velve 1s drawn tightly against its seat by means.of the screw Jack (3)
acting on the shear pins- (4) passed through the valve stem. The poppet
valve 1s suddenly opened by dropping a welght on the end of the valve
stem thus shearing the pins and allowing the confined nitrogen to rush
into the driving cylinder (5), where it acts on the driving piston (6)
causing it to descend rapidly. The dri piston is connected to the
combustion piston (7) by meesns of the rod (8) and thus the explosive
mixture, which is placed in the combustion cylinder (9), is rapidly
compressed. Photographs of the two plstons and assoclated parts are
shown in figure 3. ’ '

———. e et e — -
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In order to prevent damasge to the moving parts at the end of the
stroke a charge of nitrogen at about 60 pounds per squere inch is
admitted to the cushion chamber (10), Just before releasing the poppet
valve. As the driving piston descends, the pressure of this entrapped
nitrogen builds up sufficiently to slow the piston down to negligible
veloclty at the end of the stroke. In this position the ports (11) in
the piston register with the ports (12) in the sleeve and the cushion
pressure 1is released, allowing the piston to settle gently without
severe lmpact or rebound. : .

Both the driving end combus‘b\ion pistons are prevented from subse—

quently moving upward by the remaining driving pressure acting downward
on the drlving pliston. )

Prossures in the combusticon cylinder were recorded by means of a
strain gage (13) cemented on the underside of the cylinder head (1k)
and. connected to a camera—oscillograph system. The pressure records so
obtained willl be explained fully in the section INTERPRETATION OF
RECORDS.

The motion of the combustion piston was recorded by photographing
the motion of the commecting rod. This was done by painting a serles
of white horizontal lines 1/4 inch apart on the surface of the rod and
photographing their transits across the field of vision of the
camera (15). A vertical slit was placed inside the camera close to the
£ilm so that only a small segment of each white 1line was photographed.
The £1lm wes moved at a constant known speed at right angles to the
motion of the rod with the result that a series of sloping lines wes
recorded. The position and slope of the lines gave a true indicatlion
of the position and velocity of the comnecting rod, and thus of the
two pistons, at any instent. Specimen records may be seen in figure k4.

A more detalled description of the rapid compression machine 2 will
be found in eppendix A.

Photographs of the complete apparatus are shown In figure 5 and a
schemstic diagram showing the component parts rearranged from thelr
actual positions for the sake of clarity is glven in figure 6. The
auxiliary apparatus is identical with that described in reference 2,
except for the replacement of the old drylng tower with a new one and
the elimination of the humidifier.

The new drying tower consisted of a plece of standard 8-inch pipe,
72 inches long, fitted with heavy flanges on both ends., It was filled
_with 86 pounds of activated alumina and was comnécted in the air line
between the air pump (56) and the mixing tank (52).

The humidifier was unnecessary 1n this work because the tests were
conducted with dry air only. ‘
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TEST PROCEDURE

The experimental work was arranged in four series of tests as
follows:

Series 1 — The effect of tetraethyl lead on isooctame at comstant
fuel—elr ratio and compression ratio:

(1) Tetraethyl-lead concentration varied fram O to 8 milliliters
per gallon

(2) Fuel-eir ratio constant at 0.067 (chemically correct)

(3) Compression ratio constent at 11.7

Serles 2 ~ The effect of tetraethyl lead om isooctane at various
fuel—eir ratios:

(1) Tetraethyl—lead concentration varied from O to 4 milliliters
per gallon

(2) Fuel-eir ratio varied from 0.030 to 0.170

(3) Compression ratio constant at 11.7

Series 3 — The effect of tetrae‘bhyl lead on 1sooctane at various
compresslion ratios:

(1) Tetraesthyl—lead concentration varied from O to 4 milliliters
per gallon

(2) Compression ratio varied from 8.0 to 14.9 :

(3) Fuel-air ratio constent at 0.067 (chemically correct)

Series 4 — The effect of ethyl nitrite on triptane:

(1) Ethyl-nitrite concentration varied from O to 488 milliliters
per gallan

(2) Fuel-air ratio constant at 0.066 (chemicelly correct)

(3) Compression ratio comstant at 11.7

The variables held constant during all these tests were:

Tnitial pressure, 1b/8q M. 8DS. o v o v o o o o o o o o o & o o o 1T
Initial temperature, OR . ¢ « ¢ & 4 o« « o o« o ¢ o o ¢ o ¢« o « « » » 609
Compression time, S6C « « o ¢ o« « o o+ 2 « o o o o o o o« o o o« o «» 0.006
Dew polnt of alr, OF . ¢ ¢ o ¢ o ¢ ¢ o o o o o 2 s o s o o o o o o« 68

The isooctane (2,2,4 trimethylpentane, designated as S-U4 reference
fuel) was obtained from the Shell Oil Company, Inc., of Wood River, Ill.
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The triptane (2,2,3 trimethylbutane) was obtained through the
courtesy of the General Motors Corporation, Detroit, Mich.

The tetraethyl lead, designated as "1-T Mix Blue Aviation Ethyl
Fluid," was obtained from the Ethyl Corporation of New York. This
product consists of tetraethyl lead blended with the theoretical com—
bining concentration of ethylene dibromide and one—half the theoretical
combining concentration of ethylene dichloride. One milliliter of
Ethyl Fluid contains 0.653 milliliter of tetraethyl lead. BEthyl Fluid,
rather than unblended tetraethyl lead, was used because ‘the unblended
product is seldom used in automobile and aircraft engines. Whenever
the expressions "lead" or "tetraethyl lead" are used in this report it
is to be understood that the blended product is referred to.

The ethyl nitrite, containing 10 percent alcohol in solution was
obtained from Merck & Compa.ny, Tnc., Rahway, N. J.

The explosive mixbures were prepared in the mixing tank ((52),
fig. 6). This tank contains a mixing fen end a floating piston which
rises as alr is admitted from the pump (56). The tank was flushed with
clean dry alr by allowing the piston to rise and fall three timss before
preparing a new batch. The air was thoroughly agitated by the fan
during this process.

The tank was then filled with air and the fuel inJected through a
gland 1n the top of the tank by means of a hypodermic needle. (see
reference 2 for details.) The exact fuel quantity was determined by
welghing the hypodermic needle and contents on an enalytical balance
and the required air quantity was obtained by adjusting the air pressure
in the tenk. The mixture was kept in the tank for 3 minutes at 609° R
and agitated continuously by the fan before admitting i1t to the com—
bustion chamber.

The combustion cylinder was evacuasted by means of the hand pump (TL)
before admitting the fresh mixture, in order to reduce dilution. Half
of the contents of the mixing tank was then allowed to pass through the
cambustion cylinder in order to further reduce dilution. The ratio of
mixture passed through the cambustion cylinder to mixture retained in
the combustion cylinder was about 125 to 1. The combustion cylinder was
sealed off at atmospheric pressure after charging. TIwo tests, under
identical initial conditions, were made from each batch as a check on
reproducibility.

The mixing tank, combustion cylinder, and connecting pipes were
Jacketed and maintained at 609° R. This figure was taken as the initial
temperature of the mixturs.
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A constant driving pressure of 500 pounds per square inch gage and
a cushion pressure of 60 pounds per squere inch gage were used to give
a uniform ccmpression time of 0.006 second.

- The combustion—cylinder head was removed after each explosion and
the surfaces wiped with a clean cloth. The combustion pistan was
returned to i1ts original position by pushing it up with a hydraulic
Jeck acting through a plece of hard wood shaped to fit the piston head.

INTERPRETATION OF RECORDS

Specimen records of piston displacement against time and cylinder
pressure against time teken at a £ilm speed of 200 inches per second
are shown in figure k.

Considering record 177 in this figure, the plston starts to move
at A where the two whilte lines on the piston record begin to slope
away from the horizontal. These two lines are streak images of the
two horizontal lines on the piston rod which are opposite the camera
lens when the rod 1is stationary.

The lines on the piston rod are 1/4 inch.apart. As the piston
gainsg velocity the lines become steeper, approaching an almost constant
slope which persists for the greater part of the stroke. Toward the
end of the stroke the slope decreases rapldly, showing the influence of
the cushion pressure, and the piston finally comes to rest at B, rather
abruptly in this particular instance. The seating of the piston is also
recorded on the pressure record by the high—~frequency vibrations C
accompanying the mechanical impect. It will be noted that thé piston
then remalns tightly seated during the rest of the process. The gemtle
waving of the white lines on the piston record after B does not repre—
sent actual piston motion but rather relative motion between the cemera
and the piston rod due to swaying of the cawera lems after the impact.
The compression time AB 1s &bout 0.006 second. The line of atmospheric
pressure GH was drawn in the pressure record by projecting the hori-
zontal part of the trace preceding the compression. .

The pressure record displays a region of high—frequency vibra—
tions D Just before the end of the stroke. These vibrations are
characteristic of all pressure records taken with rapid compression
mechine 2. They are probably due to a "chattering" of the combustion
plston as it slldes over the unlubricated cylinder walls. It does not
appear probeble that these vibrations are gas vibratlons because they
wore seldom .observed an the pressure records taken with rapld compression
machine 1 under similar test conditions.
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’

It will be noticed that in the particular pressure record selected
here (177, fig. 4) the pressure rises very considerably after the plston
has stopped and that the mixture explodes suddenly at E. The time
interval CE 1is defined as the "delay period" and the maximm pressure F
assumed by the mixture before exploding is defined as the "critical explo—
sion pressure.” ‘

The critical explosion pressure has significance only up to the
point where it coincides with the maximum explosion pressure. A situe—
tion similar to this may be observed, for instance, in record 159 °

(£ig. 9(1)).

The critical explosion pressure, or some concept closely allled
to it, should be of velue in giving same idea of the severity of detona—
tion to be expected from a given fuel when used in an engine. A fuel-
alr mixbure having a low critical explosion pressure would be expected
to detonate heavily. This may be inferred from a record like 104
(fig. 9(h)), where the charge explodes with great suddemness. A mixture
having the characteristics shown in record 159 (fig. 9(1)), on the other
hand, would be expected to detonate little, if any, in en engine. Of
course, camparisons are ccamplicated by the variations in the length of
the delay period exhibited by different mixtures under given conditions.
Nevertheless, an important idea is brought out by these examples, namely,
that the severity of detonation in an engine depends in all probability
not only on the length of the delay period but also on the value of the
critical explosion pressure.

Values of critical explosion pressure were obtalned from the
relation

C.E.P. = -}i X Pp
H

where

H height of trace at end of compression

h heighf of trace at critical explosion point
P isentropic pressure at end of campression

Thus it was assumed that the compression was isentropic and that
pressures were directly proportional to the recorded heights. The Tirst
of these assumptions is valid to within 1 percent and the second is
valid for pressures less than 1000 pounds per square inch absolute
(see reference 2). However, the greatest errors in measuring critical
explosion pressures were undoubtedly due to the difficulty of ldentifying
the critical explosion point.
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Values of isentropic pressure and temperature for the compression
ratlios used in this work are given in the following teble. These values
_are based on an initlal pressure of 14,7 pounds per square inch absolute

and 609° R.

Isentropic Isentropic

Compression compression compression

ratlo O88UTe ‘temperature
(1v/sq in. abs.) (°R)
8.0 231 1190
8.5 2k5 1205
8.9 265 1235
9.k 285 . 1250
10.0 309 1275
10.7 331 1305
11.5 370 1335
1.7 379 1340
12.k 408 1365
13.5 hsT7 ' 1400
1k.9 518 14ko

DISCUSSION OF RESULTS

Series 1 Tests

The serlies 1 tests were made to determine the effect of betraethyl
lead on the pressure~time characteristics of isooctane. The only quan—
tity varied wes the lead concentration. The records are shown in
figure T.

It will be observed that In the case of unleaded isooctane
(records 81, 82, and 120, fig. T(a)), the delay period ends in a small
"fi1let" at the end of which the explosion occurs with great suddenness.
The point at which the £1lm trace disappears, because of extrems high
veloclty of the 1light spot, ldentifies the critical explosion pressure.
As the concentration of lead is increased, the delay perlod remains
essentially unchanged, but the critical explosion pressure increases.
At the greatest lead concentration used, 8 milliliters per gallon, the
critical explosion pressure epproaches the maximmm pressure of the
explosion (records 129 and 130, fig. 7(f)).

SV U - - _— ~- e  ——————
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These trends are shown graphically in figure 8 and numericel velues,
teken from the records, are given in table 1.,

Serles 2 Tests

In the series 2 tests, two quantities were veried — the lead con—
centration and the fuel-selr ratio. The obJect was to ascertain whether
lead affected the explosion characteristics of isococtane more at one
fuel—air ratio than another. Three lead concentrations were used at
each fuel-air ratio, namely O, 2, and 4 milliliters per gallon.

The explosion records are shown in figure 9; measurements of corre—
sponding delays and critical explosion pressures are given in tahle 2.
Curves of delay and critlical explosion pressure against fuel—ealr ratio
Tor each lead concemtration are given in figures 10 to 12, and the results
are summarized in figures 13 and 1k.

The records of figure 9(a) show that at a fuel-air ratio of 0.030
the critical explosion pressure is none too well defined. Nevertheless,
it is quite apparent that it increases with lead additioms. The delay
at this same fuel-elir ratio appears.to go through a minimm at a lead
concentration of 2 milliliters per gallon. The same trends may be noted
for a fuel-air ratio of 0.040 in figure 9(b).

The critical explosion pressure 1s more easlly ldentifled as the
fuel-air ratio 1s increased (see figs. 9(c) to 9(J)), but beyond 0.130
it again becames difficult to recognize (see figs. 9(k) to 9(n)) and the
concept loses all real significance. Therefore, no attempt was made to
measure crltical explosion pressures beyond a fuel-air ratio of 0,130.

The delay for some of the records in figures 9(1) to 9(n) was so
long that a sectlion was removed from the_ records to facllitate publica—
tion. The actual duration of the delay 1s noted on such records.

The trends in delsy and critical explosion pressure for thls serles
of tests may be more easily recognized by noting the curves of figures 13
and 14. Tt will be observed in figure 13 that the delay is not greatly
affected by lead additions at fuel—eir ratios between 0.060 and 0.090.
In the rich range a minimm value of delay appears to exist at a lead
concentration of 2 milliliters per gallon for a given fusl-alr ratio.
However, -1t must be emphasized that reproducibility in the rich range is
on the whole rather poor (note scatter of points in figs. 10, 11, and 12)
and the relative variations shown in figure 13 must not be interpre'bed.
too rigorously.

Cne broad gemerallzation, however, can be Immedlately drawn from
figure 13, namely, that lead does not greatly affect the general shape
of the curve of delay against fuel-air ratio.
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The curves of figure 14 show that increasing the concentration of
lead alweys glves a higher critical explosion pressure regardless of the
fuel-air ratio and the effect seems to be most promounced in the rich
range.

Serles 3 Tests

In the series 3 tests the quantities varied were lead concentration
and compression ratio. The obJect was to determine whether lead affected
the explosion characteristics of isooctane more at one compression ratio
than enother. At each compression ratio lead concentrations of 0, 2,
and 4 milliliters per gallon were used.

The explosion records are shown in figure 15; curves of delay and
critical explosian pressure against compression ratio for each lead con—
centration are given in figures 16 to 18. The over—ell comparisons of
the effect of lead on delay and critical explosion pressure against
compression ratio are presented In figures 19 and 20. Measured values
of delay and critical explosion taken from the records are given in
table 3.-

The records of figure 15(a) show that at a compression ratio of 8.0,
the delays are long and the critical explosian pressures poorly defined.
The reproducibility is also poor in these records (note the scatter of
the experimental polnts at a compression ratio of 8.0 when plotted in
figs. 16, 17, and 18). In spite of these defects a very definite Increase
in cri'bical explosion pressure with lead concentrations may be noticed in
the records of figure 15(a). But no such trend can be noticed in the
case of deley because the veriations are erratic. The curves of fig—
ure 19 show an Increase In delay at a compressiaon ratio of 8.0 for a
lead concentration of 4 mili1iliters per gallon, but it is doubtful if
these curves can be interpreted so closely in view of the scatter of the
points of figures 16, 17, and 18 at a compression ratio of 8.0. At
higher values of the compression ratio the reproducibility is generally
improved and the curves of figures 16, 17, and 18 leave no doubt as to
trends.

It can be gemerally inferred from these figures that, for any lead
concentration up to 4 milliliters per gallen,

(1) Increasing the compression ratio decreases the delay period
(2) The critical explosion pressure first decreases with increasing

compression reatio .and then increases, the minimmm value occurring at a
compression ratio between 9 and 9.5
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The superimposed curves of delay against compression ratio of
figure 19 indicate a small increase in delay with increase in lead con~—
centration in the lower range of compression ratio., However, this
increase is too close to the limits of reproducibility to have any real

slgnificance.

The superimposed curves of critical explosion pressure against
campression ratio in figure 20 indicate that lead additions increase
the critical explosion pressure at all compression ratios. The magni-—
tude of this effect leaves no room for doubt except perhaps in the region
of a compression ratio of 8.0 where the reproducibility is poor.

Series 4 Tests

The influence of a detonation inducer, ethyl nitrite, on the explo—
sion characteristics of triptane was examined in the series % tests.
Triptane was selected as a fuel because 1t has an Inherently high criti—
cal explosion pressure. It was inferred that ethyl nitrite, because of
its contrary behavior to tetraethyl lead in an emgine as regerds detona—
tion would tend to lower the critical explosion pressure. This reasaning
proved to be correct.

The explosion records are shown In figure 2l. Curves of delay and
critical explosion pressure against ethyl-nitrite concentration are given
in figure 22 and measured data fram the records are presented in table k4.

The compression ratio was maintained at 11,7 and the chemically
correct fuel-alr ratio, 0.066, was used throughout these tests, the only
variable being the concentration of ethyl nitrite.

A study of the records of figure 21 indicates that there is a very
definite decrease in both the critical explosion pressure and the delay
with increase in ethyl-nitrite concentration. This can be easlly seen
in Pigure 22. The first 8 milliliters of ethyl nitrite reduce the
critical explosion pressure very considerably while affecting the delay
period only to a negligible extent. At much heavier concentraticns both
the critical explosion pressure and the delay perlod ere diminished.

The rate of decrease appears constant and roughly the seme in elther
case, ’

At the heaviest concentration of ethyl nitrite used, 488 milliliters
per gallon, the explosion records (34l, 345, and 346, fig. 21(f)) look
very mucl)a)like those of unleaded isooctane (see records 81, 82, and 120,
fig. T(a)).
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Thus, by adding sufficient ethyl nitrite to triptane it can be
made to assume the. explosion characteristics of unleaded isooctane and,
conyersely, by adding sufficient tetraethyl lead to isooctane an explo—
sion record resembling pure triptane can be obtalned.

RELATTON OF RESULTS TO DETONATION IN ENGINES

Judging from the foregoing results, it seems probable that the
.action of tetraesthyl lead In reducing the tendency to detomate in
engines 1s not due to a change in the time (crank angle) required for
rapld end-gas reactliom to develop. The effect appears to be rather omne
of altering the later stages of end—gas reactlion so as to reduce the
quantity of end gas which reacts with sufficient rapidity to set up
intense pressure weves in the charge.

" The effect of changing from isoocteme to benzeme, reported in
reference 1, was somewhat simllar to the effect of increasing the lead
concentration in isooctane reported in the present investigation, in
that the raepldity of reaction was reduced, with no significent change
in the time to complete the reaction.

On the other hand, reference 1 Indicated that, for all the fuels
tested, a change in fuel-elr ratio causes changes in the time required
to complete the reactlon. In each case the fuel-air ratio for minimm
time of reactlon corresponds quite closely to the fuel-air ratio for
maximm detonation in an engine.

REPRODUCIBILITY (OF RESULTS

General Reproducibllity

A general impression of the reproducibility of repid campression
machine 2 cen be had by noting the scatter of the points in figures 8,
10, 11, 12, 16, 17, 18, and 22.

Evidently there is still room for lmprovement. However, by com—
parison with rapid compression machine 1, 1t will be observed that
apprecigble gains have been made. In figure 23 curves of ignition delay
against fuel-alr ratio and ignition delay against compression ratio
(teken from figs. 35 and 39 of reference 1) representing data taken with
rapld compression machine 1 are compared with simllar curves (from
figs. 10 and 16 of the present report) taken with rapid compression
mechine 2. The fuel i1s isooctane and initlal conditions are the sams
in either case. '
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Semple records teken with the two machines wmder idemtical con—
ditions are shown for comparison purposes in figure 2k. Measured values
from these records are given in table 5. These data Indicate an over—
all improvement in reproducibillity for raplid campressicn machine 2.

It would be difficult to try to glve an exact figure to represent
the reproducibility of either rapld compression machine, or to measure
the superlority of rapid compression machine 2 over raplid compression
machine 1 in this respect. Reproducibility may be gaged on the basils
of ignition delay, critical explosion pressure, compression pressure,
and so forth and experience so far Indicates that good reproducibllity

according to one standard does not necessarily msan good reproducibility .

according to enother. For instance, in figure 10, the reproducibllity
at a fuel-alr ratio of 0.095 is excellent when delay is used as a
criterion and rather poor when critical explosion pressure is used.

The ideal, of course, 1s realized when two records teken under,
identical conditlons coincide exactly throughout their entire len
when superimposed. Any divergence from this condition would be a meas—
ure of the reproducibility — but the difficulty is in determining at
what point to measure the divergence.

Effect of Combustion—Chamber Iesakage

The gastightness of the cambustion chamber was tested by filling
the chamber with nitrogen at 800 pounds per square inch and timing the
rate of drop in pressure. A special combustion cylinder head was used
for tnls purpose having a hole in the center by means of which the
necesgary fittings could be attached.

Curves of cambustion—chamber pressure against time measured from an
initial pressure of 800 pounds per square inch are given in figure 25.
These curves show that, with rapid compression machine 2, after 60 runs
the lead seal had ilmproved to the extent shown by the top curve in the
Tigure and efter 300 rumns (at the conclusion of the work) the seal was
still in excellent conditiom.

When 1t is teken into comsideration that the events studied with
this machine occupy at most only a few hundredths of a second, it will
be appreciated that the leakage occurring during this interval should
have but a negligible effect on the results.

A leskage curve for repid compression machine 1 after 50 runs 1is
shown also in figure 25. The declded improvement realized in the new
apparatus is apparent. Also, the plston in rapld compression machine 1

»
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had to be re—leadplated after ebout 80 runs whereas in the new apparatus
at least 300 runs can be made before re—leadplating 1s necessary.

Further details of the leakage test procedure will be found in
reference 2.

CONCLUSIORS

The following conclusions resulted from a study, made by means of
rapld adisbatic compression, of the effect of tetraethyl lead and ethyl
nitrite on the autoignition characteristice of i1sooctane and triptame:

1. The addition of lead to isooctane railses the critical explosion
pressure, thus reducing the fraction of the charge which reacts with
extrems rapldity. This observation was found to hold for all compression
ratios (8.0 to 1k.9) and all fuel-aeir ratios (0.030 to 0.170) -
Investigated.

2. At fuel-ailr ratios normally encountered in engine work (0.06
to 0.09), tetraethyl lead has no significent effect on the ignition
delay of isooctane.

3. At fuel—alr ratio 0.066 and compression ratio 11.7:

(a) Bthyl nitrite reduces the critical explosion pressure of
triptane, an effect opposite to that of lead an isooctane. This
effect is most pronounced at concentrations of ethyl niltrite
below 8 milliliters per gallon although the trend continues at
a slow but uniform rate up to concentrations as high as
488 mi11iliters per gallon. '

(b) BEthyl nitrite decreases the delay period of triptane
uniformly throughout a range of concentrations from O
to 488 mi111iliters per gallon.

Sloan Iaboratories for Aircraft and Automotlve Engines
Massachusetts Institute of Technology
Cambridge, Mass., May 6, 1947

. e e e e e e e > e+ = r e e e e —_— - e —— e o s e
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APPENDIX A
DETATTFD DESCRIPTION OF RAPID CCQMPRESSION MACHINE 2

A sectional drawing of M.I.T. rapid campression machine 2 is shown
in figure 2. The machine consists essentially of the upper cylinder (1),
the driving cylinder (5), the driving piston (6), the commecting rod (8),
the cambustion cylinder (9), the cambustion piston (7), and the poppet
valve (2). The whole machine is hung fram the supporting table (16) by
means of the bolts (17). The upper cylinder, driving cylinder, and
poppet valve were teken from the original raplid compression machine 1.

The new driving piston was machined from a billet of 17S-T aluminum
alloy. The head of the driving piston was made conlcal and the under—
side was cerefully mechined to fit the conical face of the mild—steel
impact block (19). Thus, at the end of the stroke, the driving piston
contacted the stationary parts of the apparatus at the lower rim of the
skirt, at the lower end of the cemtral boss, and at the conical face of
the impact block. The seating area of the driving piston on lmpact was
thus much greater than in the original apparatus and the localized
shock loads were correspaondingly reduced.

Four radial holes (20) were drilled in the impact block to allow
for the escape of nitrogen from the inner regiom. ' The block was
centered on a shoulder (21) on the cylinder head.

The skirt of the new driving piston was made longsr in order to
provide better sealing of nitrogen in the cushion chamber when the
piston was at the upper end of the stroke. Im the old apparatus the
skirt was not long enough to prevent excessive leakage of nitrogen
through the ports (12) while adjusting the cushion pressure.

The lower cylinder head (22) of the driving cylinder was machined
fram hot—rolled steel. A small well was provided In the center to
receive a seal for the connecting rod. This seal was simply a bearing
oil seal of conventionsgl type. It was held in place by a screw plug (ok)
which tightened against a beveled seat thereby preventing leakage past
the threads on the plug.

The cconnecting rod was made of alloy steel heat—treated to
355 Brinell herdness. Spherical bearings (26) were inserted at the
upper end of the conmnecting rod where it was affixed to the driving
piston boss and at the opposite end of the rod in the combustion
piston (7). This arrengement took care of any misalinement between the
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driving and combustion cylinders. The spherical bearings (26) at the
upper end were adapted fram ball thrust bearings and those at the lower
end were machined especially for the purpose.

The upper end of the connecting rod was secured to the driving
plston by the retaining nut (27) which was split at its threaded end
and provided with a locking wedge (29) which was drawn tight by means
of the Allen screw (30).

The lower spherical bearings consisted of a ball nut (31) of alloy
steel having a hardness of 185 Brinell, a spherical socket (32) of the
same material, an aluminum-elloy spacer (35) machined sphericel et the
top, and an aluminum-alloy retaining nut (34) machined to receive the
ppherical surface of the spacer and by means of which the connecting
rod was attached to the combustion piston.

The cambustlion pis‘l;ofl was made from alloy steel heat—treated to
355 Brinell and was ground 0.006 inch smaller than the sleeve. Fourteen
circumferential labyrinth grooves 0.125 inch wide and 0.003 inch deep
were cut in the skirt and the surface copperplated to a thickness of
about 0.0025 inch. The surface was then leadplated (electrolytically)
to a thickness of about 0.001 inch and the lead which was deposited in
the grooves was removed. The piston was then forced into the combusticn
cylinder, the excess lead either being sheared off or flowing into the
labyrinth grooves. In this menner a very satisfactory sealing was
accomplished (see fig. 25 for leakage data) and a certain amount of
lubrication was provided by the lead.

The cast—iron cambustion cylinder (9) was bolted on to the driving
cylinder head. It was provided with a hardened—steel sleeve (37),
"aged" by "deep freezing," and then shrunk into the cylinder. The
Inside surface of the sleeve was ground and lepped. A plece of steel
tubing was shrunk on the outside of the cylinder to form a water )
Jacket (38).

The fuel—alr mixture was circulated through the combustion cylinder
by means of the ports (39) which were made oblique to avold short—
clrcuiting of the combustion chamber.

The cambustion cylinder head (14) was taken from the original
machine. It wes clamped in place by the cylinder plug (40) and the
plate (41). The plate was caused to bear on the plug end the cylinder
head by means of four bolts (42) threaded into the lower end of the
cylinder. This arrengement prevented any tendency toward twisting of
the cylinder head while clemping, a situation which may have existed
In the original machine where the plug was screwed in (see (18),
fig. 1). This twisting may have been responsible for the inconsistency
of pressure calibrations noted In rapid compression machine 1.
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As In the original machine, the compression ratio was varied by
using impact rings (43) of different thicknesses.

The piston-motion cemera (15) was mounted as shown in figure 2.
The camere was trained on the connecting rod between the two plstons
rather than on the skirt of the driving piston as in rapid compression
machine 1. This new arrangement enabled the camera lens to be moved
out of the path of the high—pressure gases released from the ports at
the end of the stroke. In this way vibratioms set up in the camera at
the end of the stroke were reduced.

Fourteen horizontal grooves spaced 1ﬂ+ inch gpart were cut in the
comnecting rod along the side facing the camera. These grooves were
filled with white enamel and the background surfaces were painted black.
The lines were 1lluminated from a_ 108—=mtt spotllight mounted on a rubber
vibration isolater. The light beam was focused on the plston rod in
such a manner that only two of the white lines were 1lluminsted at a
time, ‘

The specifications for rapid compression machine 2 are as follows:

Diameter of driving piston, In. . . o v v o o o o « o o « « o » 6.382
Iength of driving piston, in. . . . . . S 8 I I
Meterial of driving piston . . . . . . . 17S-T aluminum alloy-
Diamster of combustion piston, In. . . e s s s s s« 2,00
Length of combustion piston, in. « o e o o o & o @ 3.00
Material of combustion piston . . « . chrome—molybdenum steel,

355 Brinell hardness
Stroke, IMe o« o « o o ¢ o o o o o o o o s s s e s e s o s s o o 3.000
Renge of compression rabio . « « « « = o« o s o o o o o o o 8.0 to 14.9
Welght of moviIng parts, 1D « + « « « = s o o o o « s o o o o o o » 8.0
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TABLE 1

SERTES 1 TESTS — DATA ON EXPLOSTON RECORDS FCOR ISOOCTANE AT

VARTOUS CONCENTRATTONS OF TETRAETHYL, LEAD

[Fuel-air ratio, 0.067 (chemically correct); compressicn
ratio, 11.7; initial temperature, 609° R; compression
temperature, 1340° R; initial pressure, 14.7 1b/sq in. abs.;
campresslion pressure, 379 lb/sq in. abs.; compression
‘time, 0.006 sec; film speed, 200 in./sec]

Critical
Iead concen—
tetten | R | (2 e
(ml/gal) (lb/gz in. abs.)
0. 81 0.0056 885
8o .0056 985
120 . 0060 875
5 ' 121 .0061 875
120 . 0050 : 875
1.0 - 123 .00k9 1070
2.0 125 .0052 1080
126 - . 0060 1105
132 .0062 1050
L.0 128 .ook7 1170
17h .0059 1072
8.0 129 .0061 '1310
130 .0063 1300

-
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TAELE 2

SERTFS 2 TESTS — DATA O EXPLOSION RECORDS FOR ISOOCTANE AT VARTOUB CONUERTRATIONS

OF TETRAETHYL LEAD AND AT VARTOUSB FUEL~AIR RATIOS

[comressian ratio, 11.7; initlel temperaturs, 609° B; compression
: , 1340° R; initiel yressure, 14.7 1b/sq in. abs.;
oompresaion pressure, 379 1b/eq in. abs.; compressicn tims,
0.006 gec; film spesd, 200 in./med]

Critical Critical
Ioed conoem— Lead concen—
¥uel-air axplosion Fuel-alr explosicn
ratio m) mm sgure retio Ela?m) le():lo:? s8UTe
{(1b/eq in. abs.) gl (1b/sq in. abs.)
0.030 0 91|0.c180 aT730 0.110 0 103|0.01.02 520
ol 0232 81135 104| .0OTT s
2.0 W3] o1 21060 2.0 1k9| .008% T30
k| .63 a1020 150| .00TT 695
k.0 81| .0175 8900 %.0 ﬂ .0098 965
182] .0186 2920 0097 80
.oho 0 89| .o11k 850 220 0 105| .@10 600
gol .a1o7] 6lio 106| .0095 k85
2.0 % .00T3 1072 2.0 151} L0133 535
0093 1010 152| @20 580
4.0 180| .017 1140 k.0 1g0| .0099 595
050 o 8| .0055 a5 .130 0 107y .Q1AT 435
8| .o061 85 108| .0020 535
2.0 136| 0055 905 2.0 156| a2 650
167| 0137 920
ko 1% .006% 1030
178] .0085 950 %.0 | .an 995
.060 ) 83| .0058 895 .150 0 109| .a137 515
. 110| 012k 600
2.0 1333 -005% 923 17| .0229 21690 h
134 .o05h 965 18| .0207 21895
1
k.0 175 0059 11%0 2.0 .89 8895
]1; «a1h3 2700
.067 ) 81| .0056] 885
8| .0056 985 5.0 193] 0229 2850
120| .0060 875 L0195
2.0 125| .0052 1080 .150 0 11| .85
126| .0060 1105 12| .02k3
132| .0062 1110
2.0 159] .0ehs
k.0 128| .004T] 1170 160| .oe23
17h] .0053 1170
k.o 195| 0334
.078 o 95| .0059 €10
98| .o0k9] 630 .160 0 113| 0460
11h| 0435
2.0 1k5{ .0062 1o
1k6} 0063 835 2.0 162 .0353
" 18 960 166 o3
.0 3] .005T]
184 -oo3H 1050 bo  |198| .okz0
.095 o 01| 00T 6ho 170 (o] 115 ()
102] .00 T30 16| .0k60
2.0 48| 00608 T30 2.0 163 .@
169| 00T 650 k| .
170| 0068 590
4.0 199| 0678
.0 185| .00TH 920 200| 1120
186| o008 990

Bppproximate. W

bNo explosicn.

B o e —— A e i A e

o e s o o e e e s =
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TABIE 3
SFRTFS 3 TESTS — DATA O EXPLOGION RECUEDS FOR TSOOCTANE AT VARTOUS CCHUFITRATIONS
OF PETRAETHYL-LEAD AND AT VAETOUS COMPRESSTON RATIOS
[Pual-air ratio, 0.067 (chemically carrect); initisl temperafure, 605° R;

initial pressurs, 1%.7 1b/eq in. abs.; compression time, 0.006 seo;
£11m speed, 200 in./sec]

R Critical
Cocmpression Campression Iead concen—
cmf:::iim saure ‘temperature ‘tration Run I(mﬂ‘i oxplsgaign
(2b/aq 1n. ebs.) (°B) (=2 /gal) (1b/sq in. abs.)
8.0 231 - 1190 0 39 0.0328 81050
320 0232 2990
321 0325 2875
322 0242 8925
2.0 26k .0283 81020
315 .0325 21210
n6 .0288 a1ns
) Kib O 21050
kil 0! 81150
n3 <0450 990
3k L0272 1350
8. 2k 1205 0 3 020 135
3 5 313 0162 35
2.0 261 0235 1225
262 .

k.0 308 Q185 1000
309 ~a195 1175
310 0182 140

8.9 265 1235 0o 219 0115
220 L0117 ~ 665
229 0134 koo
230 a135 kg0
2.0 260 L0165 750
269 0143 810
k.0 285 L0260 885
286 L0166 T35
306 0165 T70
B 1250 (o] 21 0106 593
s %5 El.g . 0108 650
2.0 257 .e2 650
238 .0113 &5
k.0 284 .0130 855
_ 294 0120 80
10.0 1275 0 215 0076 705
309 216 ~0083 670
2.0 255 <205 . 55
256 .0082 T60
. k.0 28L 107 985
282 .0081 905

8pproximate.

(3
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TABLE 3
SERTES 3 TESTS — DATA O EXPLOSION RECORDS FOR TSOOCTANE AT VARIOUS CCHUENTRATICNS
OF TETRAETHYL IEAD AND AT VARIOUS COMPRESSION RATIOS — Concluded
[Fual—eir ratio, 0.067 (chemioally corrsct); initial temperaturse, 609° R;
initial pressure, 14.7 Ib/sq in. abse.; oampreseicn time, 0.006 sec;
£11m speed, 200 in./sec]
Critical
Campression Compression Ioad concen—
Conq:;ggim ssure tam?emtnro tration Rm m exploalon
) (1b/sq 1n. abs.) °R) (n1/gn1) (1b/8q in. aba.)

10.7 33 1303 0 213 0.0080 825
214 .0063 T60

2.0 253 .0076
k.o . 280 .0080 990
292 L0073 865
1.5 370 1335 0 211 005k 935
212 »0062 T93
2.0 265 0053 960
268 .0063 830
. k.0 277 .0053 1135
278 006k 915
2.4 5408 1365 0 210 0048 a5
243 0045 815
2k} .0043 as
2.0 249 0049 1040
267 .0043 915
k.o 273 0052 985
276 L0050 90
13.5 k57 1400 0 208 .00lh 9%
237 .0038 s
2.0 24 . 1130
2hg %Eg{ 1190
k.0 2713 L0048 1160
291 «003L 1330
14,9 518 1klo 0 20k .0038 1040
235 .0035 10ko
236 +0029 930
: 2.0 2hs .0030 1190
2h6 . 1225
k.0 271 0032 1670
272 0030 1475
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TABLE L4

SERTES 4 TESTS — DATA ON EXPLOSION RECORDS FOR TRIPTANE AT

VARTOUS CONCENTRATIONS (F ETHYL NITRITE

[Fuel-air ratio, 0.066 (chemically correct); compression
ratio, 11.7; initial temperature, 609° R; compression
temperature, 13400 R; initial pressure, 14.7 1b/sq in. abs.;
compression pressure, 379 lb/sq in. abs,; compression
time, 0,006 sec; film speed, 200 in./seér

Ethyl-nitrite Critical
concentration Run ?Ziﬁg explosion
egsure
(m /@) (1b/sq in. abs.)

0 329 0.006k4 1600
.330 .00k9 1490

332 . 0066 1490

k.o 333 .0056 1160
334 .0061 1200

8.0 335 .0057 1075
336 .0070 1065

337 .0063 1090

120.0 340 .00ko 1010
3h1 .ook1 - : 1030

347 .0039 950

348 .0048 920

30%.0 351 .0033 815
352 . 002k 785

354 .0036 760

356 .0037 680

188.0 3kl .0019 500
345 .0018 495

346 .0019 560




TABLE 5

COMPARTSON OF REPRODUCIBILITY COF RAPTD COMPRESSION MACHINES 1 AND 2

lba'l:a. meesured from explosion records of fig. 24. Fuel-elr ratio, 0.067; compressicn

retio, 11.7; initial temperature, 609° R; compressian tempera‘bure 13400 R;

initiel pressure, 1%.7 1b/sq in. abs.; compression pressure, 379 l‘b/aq In. abs.;
compressicn time, 0.006 sec (approx.); film speed, 200 in./sec; fuel, isooctanej

Rapld compressicn machine 1

Rapld campresslion machine 2

Critical , Critical
- Delay explosion _— Delay exploaion
B (soc) Prossure i (sec) esaure
: A (1v/8q in. abs.) (lb/p; in, abs,
57 0.0055 885 76 0.0056 TLO
€0 L0056 965 T7 . 0049 860
61 L0055 860 78 . 0056 760
62 L0051 1035 T L0050 760
63 0071 730 80 »0053 135
6l .0080 T30 Av. .0053 Av. 760
Av, . 0059 Av. 370 Max, Mox,
Max. Moz, spread L0007 spread 150
spread  ,0029 spread 305

L2Te NI VOVN
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oscillograph

Figure 2.- Sectional view of M.I.T. rapid compression machine 2.
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Figure 3.- Driving- and combustion-piston assembly of M.I.T. rapid compression
machine 2,
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Figure 3.- Driving- and combustion-piston assembly of M.I.T, rapid compression
machine 2.
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Figure 6.- Photographs of the M.I.T. rapid compression apparatus.

Lete NI vovN






E Rapid compraasion'mmm:n 2
45) Drop welght
(48) Nltrogen cyHnder

50) Raslatance haatng umits
(bl) Thormostat

E Fusl-aly mixing tank

83} Circulating watsr pump
(64) Imcket watar tharmometsr
{b6) Beat exchanger

573 Drying towar
£6) Pressure-rellaf valve

559) Afr filter
80) Dew-point apparahis
(81) Ossillograph camera

- (88) Cathode-ray osclllograph

{83 Anlanald

ywiy W CUSDTIG

264 Oscillograph-camars switch

96) Raference-timer switch

689 Piston-camersa awlich
Pressure-ceHbration switch
Piston camera

et DUl o

i

Flgure 6.- Schematic diagram of rapid compression apparatus.
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(a) Lead, O milliliter per gallon.
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doossee  (¢) Lead, 1 milliliter per gallon,

Figure 7.- Series 1 tests - the effect of tetraethyl lead on the pressure-time
history of isooctane. Fuel-air ratio, 0.067 (chemically correct); com-
pression ratio, 11.7; initial temperature, 609° R; compression temperature,
1340° R; initial pressure, 14.7 pounds per square inch absolute; compression
pressure, 379 pounds per square inch absolute; compression time, 0.006
second; film speed, 200 inches per second.
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(f) Lead, 8 milliliters per gallon.

Figure 7.- Concluded.
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Flgure 8.- BSeries 1 tests - the effact of tetrasthyl lead on the delay and critical explosion pressure of
igooctane, Fuel-air ratio, 0.087 (chemically correct); compression ratio, 11.7; initial tempereture,
6080 R; compression temperature, 1840° R; initial pressure, 14,7 pounds per squars inch absolute;
compression pressure, 379 pounds per square inch absoclute; compression time, 0.006 second; film

speed, 200 inches per second. '
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Lead, O ml/gal

Iead, 2 ml/gal

Iead, 4 ml/gal

Lead, 0 ml/gal

Lead, 2 ml/gal

Lead, 4 ml/gal

0005 sec (b) Fuel-air ratio, 0.040. ~NACA

Figure 9.- Series 2 tests - the effect of tetraethyl lead on the pressure-time
history of isooctane at various fuel-air ratios. Compression ratio, 11.7;
initial temperature, 609° R; compression temperature, 1340° R; initial
pressure, 14,7 pounds per square inch absolute; compression pressure,
379 pounds per square inch absolute; compression time, 0.006 second;
film speed, 200 inches per second.
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Lead, O ml/gal

Iead, 2 ml/gal

Lead, 4 ml/gal

Lead, O ml/gal

lead, 2 ml/gal

Lead, 4 ml/gal
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0.005 sec

(d) Fuel-air ratio, 0.060.

Figure 9.- Continued.
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Lead, O ml/gal

Lead, 2 ml/gel

Lead, 4 ml/gal
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0005 set (e) Fuel-air ratio, 0.067.
Figure 9.- Continued.







NACA TN 2127 , 19

Lead, O ml/gal

Lead, 2 ml/gal

Leed, 4 ml/gal

0.005 sec (f) Fuel-air ratio, 0.078, MR

Figure 9.- Continued.
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Figure 9.- Continued.







NACA TN 2127

Lead, O ml/gal

Lead, 2 ml/gal

Tead, 4 ml/gal

Teaed, O ml/gal

Lead, 2 ml/gal

Iead, 4 ml/gal

53

—_—
0005 sec

(i) Fuel-air ratio, 0.120.

Figure 9.- Continved.

<A







NACA TN 2127

Lead, O ml/gal

Lead, 2 ml/gal

Lead, 4 ml/gal

0.005 sec

e ——— e -

55

(j) Fuel-air ratio, 0.130.

Figure 9.- Continued.
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Figure 9.~ Continued.
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unleaded isooctane, Compression ratio, 11.7; initial temperature, 608° R; compression temperature,
1340° R; initial pressure, 14,7 pounds per square inch al -olute; compression pressure, 379 pounds

per square inch absolute; compression time, 0,008 second; fllm speed, 200 inches per second
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Filgure 11.- Series 2 tests - the effect of fuel-alr ratio on the delay and critical explosion pressure of
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isooctane plus 4 milliliters of lead per gallon, Compression ratio, 11,7; initial temperaturs, 609° R;
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Figure 14.- Series 2 tests - the effect of tetrasthyl lead on the critical explesion pressure of isooctans
et various fuel-air ratics. Superimposed curves of figures 10 to 12, Compresslon ratio, 11.7;
initial temperature, 808° R; compression temperature, 13400 R; initial pressure, 14,7 pounds per
square inch absolute; compression pressure, 379 pounds per square inch absolute; compression time, a
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Figure 15.- Series 3 tests - the effect of tetraethyl lead on the pressure-time
history of isooctane at various compression ratios. Fuel-air ratio, 0.067
(chemically correct); initial temperature, 609° R; initial pressure, 14.7
pounds per square inch absolute; compression time, 0.006 second; film
speed, 200 inches per second.
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Figure "15.- Continued.
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Figure 15.- Continued.
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Figure 15.- Continued.
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Figure 17.- Serles 3 tests - the effect of compression retlo on the delay and critical explosion pressure of

isooctane plus 2 milliliters of lead per gallon. Fuel-air ratio, 0.067 (chemically correct); initial
temperature, 609° R; initial pressure, 14,7 pounds per square inch absolute; compression time,

0.008 second; film speed, 200 inches per second.
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temperature, 609° R; initial pressure, 14,7 pounds per square inch absolute; compression time,
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0005 sec (¢) Kthyl nitrite, 8 milliliters per gallon.

Figure 21.- Series 4 tests - the effect of ethyl nitrite on the pressure-time
history of triptane. Fuel-air ratio, 0.066 (chemically correct);
compression ratio, 11.7; initial temperature, 609° R; compression
temperature, 1340° R; initial pressure, 14.7 pounds per square inch
absolute; compression pressure, 379 pounds per square inch absolute;
compression time, 0,006 second; film speed, 200 inches per second.
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Figure 21.~ Concluded.

97







.06

.05

.01

O Delay

"X Criltical explosion pressure

1600

1200

o — .
\-_
rY .
2z
400
&~ e
0 o0 100 150 200 250 300 350 400 450 - 500

Ethyl nitrite, ml/gal of triptane

Figure 22.- Series 4 tests - the effect of ethyl nitrite on the lgnition delay snd critical explosion pressure

of tripta_ne

Fuel-elr ratio, 0.066 (chemically correct); compression ratio, 11.7; inltial temperature,

609° R; compression temperaiure 13400 R; initial pressure, 14.7 pounds per square inch absolute;
compression pressure, 379 pounds per square inch absolute; compression time, 0,006 second; ﬁlm
speed, 200 inches per second
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Figure 23.- Comparlson-of reproducibility of rapld compression machines 1 and 2 for runs on iscoctane
made under the following conditions: Fuel-air ratio, 0.067; compression ratio, 11.7; initial
temperature, 808° R; compression temperature, 1340° R; initial pressure, 14.7 pounds per square
inch sbsolute; compression pressure, 372 pounds per square inch ebsolute; comprassion tima,

0.008 second (approx.); fllm speed, 200 inches per second.
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T
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0005 sec (b) Rapid compression machine 2.

Figure 24.~ Explosion records for isooctane-air mixtures obtained with rapid
compression machines 1 and 2, Fuel-air ratio, 0.067; compression ratio,
11.7; initial temperature, 609° R; compression temperature, 13400 R;
initial pressure, 14.7 pounds per square inch absolute; compression
pressure, 379 pounds per square inch absolute; compression time, 0.006
second (approx.); film speed, 200 inches per second.
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